A reliable and power-scalable extended cavity diode-pumped passively mode-locked Yb:KGW laser generating ~200 fs long pulses at a repetition rate of 15 MHz was developed and characterized. The laser delivered up to 150 mW of average power at fundamental wavelength of 1040 nm, corresponding to a pulse energy of 10 nJ. The laser radiation was frequency-doubled in a single pass configuration within a nonlinear BIBO crystal to produce femtosecond green radiation at 520 nm with peak power of ~200 W. The generated second harmonic served as an excitation source for an optical DNA biosensor based on fluorescence lifetime measurements obtained using the time-correlated single photon counting technique. 
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Introduction
Optical DNA sensor technology has many potential applications in medicine, environmental monitoring, and pathogen detection, particularly if the sensor device is capable of offering high detection selectivity, sensitivity in addition to reusability and the ability to provide for real-time monitoring [1, 2] . One of the widely used methods of optical DNA detection is based on the measurement of fluorescent lifetimes of selective fluorescent nucleic acid binding ligands. For example, ethidium bromide is a popular fluorescent label with an absorption band in the green part of the visible spectrum and exhibits a change in fluorescence lifetime from ~1.5-2.0 ns when in solution to ~20-22 ns when intercalatively bound to doublestranded nucleic acid structures [3] . Such drastic lifetime changes can be easily detected and make this dye particularly attractive for use in optical DNA detection techniques. Rapid and accurate optical interrogation of fluorescence lifetimes of transduction elements associated with the optical biosensor requires a source of pulsed laser radiation with a repetition rate on the order of several megahertz (MHz) and a pulse duration much shorter than the shortest fluorescence decay component of the dye. Widely used free-running dye lasers, however, have extremely low repetition rates (~Hz) and relatively long pulse durations (~ns). On the other hand, femtosecond and picosecond mode-locked solid-state lasers can offer excellent temporal resolution, however, they typically operate with repetition rates on the order of 100 MHz. The pulses at high repetition rate produce excitations in a partially relaxed system and therefore can influence the determination of fluorescence lifetimes. The near-infrared laser emission does not permit for efficient excitation of fluorescent nucleic acid binding ligands, which typically have absorption maxima predominantly in the visible spectral range. Similarly, diode lasers suffer from a bad beam quality, modest average and peak output powers, and are not available in the green wavelength region.
Owing to the high peak powers associated with the ultrashort pulses of solid-state lasers, efficient frequency doubling of the fundamental radiation into the visible part of the spectrum can be produced via second harmonic generation in nonlinear crystals. -ion doped laser materials, such as Nd:YAG or Yb:YAG. Efficient and reliable operation of such ultrashort pulse lasers can be achieved under direct diode-pumping conditions, using laser diodes emitting around 808 and 980 nm, respectively [4] .
To overcome the limitation in observable fluorescence lifetime imposed by the high pulse repetition rate (~100 MHz) of the ultrashort pulse lasers, several techniques can be used. Pulse repetition rates can be reduced by an external cavity pulse picker, or intracavity modulator acting as a cavity dumper [5, 6] . Both of these methods, however, require high-speed and highvoltage electronics, adding to the complexity and cost of the laser system. Since pulse repetition rate is inversely proportional to the length of a laser resonator, the repetition rate can be reduced by extending the laser cavity. This approach was first implemented with a flash-lamp pumped Nd:glass laser [7] , and later successfully used with Ti:Sapphire [8, 9] , Cr:forsterite [10] and directly diode-pumped lasers [11] [12] [13] [14] .
In this paper we report on the design and application of a diode-pumped femtosecond extended cavity Yb:KGW laser, which was subsequently frequency-doubled and used as a source for optical DNA sensing. The design proved to be efficient, reliable, power-scalable and provided trouble-free laser operation for months. The main points which determined these features of our laser system came form the following considerations: the use of a Yb:KGW crystal [15] as a laser gain medium instead of, for example, Nd:YAG or Nd:YVO 4 , as the Nddoped crystalline hosts exhibit narrow gain bandwidths and only supports the generation of picosecond pulses [4] , therefore reducing temporal resolution. In addition, such lasers usually rely on the use of expensive high-power (> 15-25 W) fiber-coupled laser diode modules. For instance, a high-power picosecond diode-pumped Nd:YVO 4 laser system was recently developed and used for fluorescence lifetime imaging microscopy [16] . On the contrary, the crystal of Yb:KGW can support ~100 fs pulses [17-21] and can be pumped by low-power (~2section when compared to other quasi-three-level Yb-doped laser materials, such as Yb:YAG: all contributing to the increased laser efficiency [17] [18] [19] [20] [21] . It is also worth mentioning, that to the best of our knowledge, low repetition rate operation of a femtosecond Yb:KGW laser pumped by multimode telecom-grade laser diodes has not been reported. Recently, using high-power diode modules (> 20 W) a 10 MHz operation of an Yb:KGW laser system was demonstrated by Amplitude Systemes [22].
Experimental setup
To avoid aliasing and cumulative effects in the lifetime measurements, the time (period) between the two successive pulses of excitation has to be 3-5 times longer than the longest component of the fluorescence decay. It is therefore required that the laser source should provide a pulse repetition rate corresponding to a period of at least 60 ns to permit for investigation of the long-lifetime component of ethidium bromide intercalated into doublestranded nucleic acid structures (~20 ns) [3] .
Laser cavity design
A schematic of the extended cavity diode-pumped femtosecond Yb:KGW laser is presented in Fig. 1 . All mirrors M2-M12 (except for the output coupler M1) were highly reflective (HR, >99.9%) over the 1020-1080 nm wavelength range (Layertec GmbH). The output coupler mirror M1 had a 1.5% transmission over the same wavelength range. The laser resonator design was based on a standard delta-cavity (M1-M6) folded by two flat dichroic mirrors (M3, M4) which, in addition to the HR coating, were also designed for efficient transmission (>95%) of the pump wavelength. Cavity focusing mirrors M2 and M5 had radii of curvature (RoC) of 200 mm and provided a ~92 µm cavity mode size (diameter) inside the crystal. The turning angles of mirrors M2 and M5 were kept as small as possible to minimize cavity beam astigmatism. In order to reduce the repetition rate of the laser, two identical optical telescopes were incorporated inside the cavity. Each telescope had a 1:1 imaging ratio and was constructed from a concave mirror with RoC = 2 m and plane folding mirrors [8] . The first telescope was made of mirrors M7 (curved) and M8 (flat), and the second one from M9 (curved), and flats M10, M11. This arrangement provided cavity length extension of up to 8 m (or 16 m per cavity round-trip) and resulted in a 15 MHz repetition rate or 67 ns between two consecutive pulses. Therefore, such repetition rate was found suitable for accurate fluorescent lifetime measurements of up to 20 ns (i.e. of intercalatively-bound ethidium bromide). To obtain femtosecond pulse generation, two intracavity dispersive prisms (P1, P2) were used to compensate for the positive dispersion and self-phase modulation introduced by the crystal, glass of prisms and reflections from the cavity mirrors. The prisms were made from SF10 glass (CVI Inc.) and separated by ~38 cm. A semiconductor saturable absorber mirror (SESAM, Batop GmbH) with a specified modulation depth of 1% (non-saturable loss of ~0.5%) was inserted at one end of the cavity and served as a mode locking element [23] . The beam was focused onto a SESAM to a ~100 µm diameter spot by a focusing mirror M12 with a RoC of 150 mm.
The Yb:KGW crystal was a flat/flat 2-mm-thick plate with 5% of Yb-ion doping. It was cut along the Np-axis, such that the laser polarization would be parallel to the high-gain Nmaxis [15] . The crystal's facets were laser grade polished and antireflection coated for the pump and laser wavelengths. The crystal was held in an aluminum housing (without external cooling), which in turn was secured to an xyz-stage to allow for precise alignment. It was slightly tilted against the beam to avoid etalon effects during mode-locked operation.
Pump diode modules
The Yb:KGW crystal has three strong absorption bands centered around 930 nm, 950 nm and 980 nm [21] which are polarization dependent. The amount of heat generated inside the crystal during laser operation depends on the energy difference between the pump and laser photons (i.e. quantum defect) and should be as small as possible to avoid thermal effects, such as thermal lensing. Therefore, pumping at 980 nm (direct excitation of the upper lasing level of the Yb 3+ -ion) is an obvious solution to minimize heat deposition inside the crystal. Since optical pumping at 980 nm yields the smallest quantum defect, two laser diodes (PhotAura Inc.) operating near this wavelength were used as the pump sources. The output of each laser diode was fiber-coupled into a 1.5 m long multimode fiber with a core diameter of 105 µm and nominal NA of 0.22. The ends of the fibers were terminated with a standard flatpolished SMA905 type connector. Each laser diode was contained in a 14-pin butterfly package (telecom standard) which also included a thermo-electric (Peltier) cooling/heating module, a thermistor for temperature monitoring and feedback control for the Peltier element, and a photodiode for feedback controlled power output. The diodes could provide up to 2.5 W of output power (at the fiber tip) when operated at ~3.6 A of forward current.
The position of the central wavelength could be tuned by varying the temperature of the diodes. The optimum operating temperature was found to be around 40-42 ºC and corresponded to a central wavelength of ~978 nm. Temperature tuning of the laser diodes also changed the width of the spectra, where the full width at half-maximum (FWHM) was measured to be in the range of 2.5-4.5 nm. The output radiation exiting the fiber was unpolarized and had a flat-top transverse intensity distribution profile.
The diodes were mounted on brass heat sinks (thermal grease was used to enhance heat transfer efficiency) and were temperature-controlled via a feedback loop through the internal thermistor and Peltier element to within a 0.1 ºC precision. Water cooling of the heat sinks was not necessary due to small amounts of heat released by the diodes.
To double the amount of available pump power, the laser crystal was longitudinally pumped from both sides (see Fig. 1 ). The output of the diodes was first collimated by spherical antireflection coated 50 mm focal length lenses (L1, L4) and then refocused by similar lenses (L2, L3) through the dichroic mirrors M3 and M4 into the Yb:KGW laser crystal. Since the lenses were used in a 1:1 imaging configuration, the pump spot size inside the crystal was approximately equal to the fiber core diameter (~105 µm), and therefore closely matched that of the cavity mode size inside the crystal (~92 µm in diameter). This requirement was necessary as the unpumped regions of the crystal (owing to the quasi-threelevel laser scheme) have re-absorption at the laser wavelength and therefore act as sources of loss [21] .
The total incident pump power onto the crystal was estimated to be close to 4 W (with diode current of ~3.6 A). The pump losses at the conditioning lenses and dichroic mirrors were approximately 10%. It should be noted that the pump losses at the dichroic mirrors sharply increased with the angle of incidence, with the lowest loss (<5%) being at normal incidence. Higher pump losses existed in this system as the dichroic mirrors could not be used at normal incidence due to mechanical constraints.
Approximately 50-60% of the pump was absorbed by the crystal as the pump radiation was not polarized and was not perfectly matched to the peak absorption wavelength of the Yb:KGW. It was also observed that the output power showed a significant dependence on the degree of bending of the diode's fiber. The reason for this is perhaps related to stress-induced birefringence, which can partially polarize the output radiation and lead to higher pump absorption in the crystal.
Mode-locking results
Stable mode locking at ~15 MHz repetition rate was achieved using an output coupler (mirror M1) with 1.5% transmission. The pulse repetition period was measured to be 67 ns, as can be seen from the pulse train oscilloscope trace shown in Fig. 2(a) . A fast photodiode was used for these measurements (combined resolution of ~1 ns for the photodiode and oscilloscope).
In this configuration, up to 35 mW of average output power was achieved at a pulse repetition rate of 15 MHz. This translates to more than 2 nJ of energy per pulse. The spectrum of the pulse, centered around 1042 nm, is shown in Fig. 2(b) and corresponds to a ~180 fs pulse duration, assuming transform-limited pulses which follow the sech 2 of the intensity profile. Second-order autocorrelation measurements based on two-photon absorption in a red light-emitting diode showed that the pulse duration slightly deviates from transform-limited value and is ~200 fs. The peak power delivered by the pulses can be estimated to be 10 kW, which is sufficient for second harmonic generation. The energy fluence on the SESAM (with the mode spot diameter of ~100 µm) was calculated to be 1.7 mJ/cm 2 and no damage to the device was observed even after extended operation (months). Passive mode-locking was completely self-starting and could be sustained for many hours of operation, provided that effects of air currents could be avoided by enclosure of the laser in a box.
Higher output power setup
As mentioned above, the developed femtosecond Yb:KGW laser provided reliable troublefree operation for months of constant use. This was achieved by careful selection and optimization of active/passive optical and optomechanical components. feature of the current design, which was taken into account, is the ease with which the pump diode modules can be replaced or upgraded.
As the employed diode modules were fiber-coupled and terminated with a common connector type (SMA905) that were in turn supported by regular fiber adapters fitting into a optical mount, the replacement of a particular pump module is a simple and straightforward task. The user needs only to replace the fiber-coupled diode laser where, taking advantage of the well-developed telecom components, the replacement fiber tip can be secured in the same spatial location with high accuracy, eliminating the need for time consuming realignment of the whole laser system.
For example, recently we upgraded the original pump diodes with new units capable of providing approximately twice the amount of power. Each of the two new diodes (Lumics GmbH) could provide of up to 3.5-3.7 W of laser radiation at 976-978 nm, depending on the temperature of operation. As these diodes were ordered to have the same telecom-grade design features, a simple replacement of the connectors provided an excellent result: the laser immediately delivered 150 mW of average output power in mode-locked regime (i.e. without realignment). The output power did not improve upon further optimization of the laser cavity, confirming that the optimal laser operation conditions were left unchanged by the diode's replacement procedure.
The amount of power reaching the crystal was estimated to be approximately 6 W. Because the pump wavelength did not change, only 50-60% of the pump was absorbed in the crystal. Taking into account the 15MHz repetition rate, the laser provided up to 10 nJ of energy per pulse corresponding to a five-fold improvement with respect to our previous results. The pulse duration remained as before. It should be noted that generation of pulses with the same energy from a conventional Ti:sapphire laser requires more than double the amount of the absorbed pump power in the laser crystal. Further implementation of active laser crystal cooling by thermoelectric modules or water can reduce the extent of thermal population of the upper levels of the lower Yb 3+ -ion manifold and lead to higher laser efficiency and improved operation. The output power can also be increased by using chirped mirrors for dispersion compensation, which have lower insertion losses than the prisms.
Second harmonic generation
Since the absorption band of intercalated ethidium bromide is centered at ca. 520 nm, efficient excitation of the dye molecules is possible by frequency-doubling the fundamental (1042 nm) output of the laser. A BIBO nonlinear crystal was selected for second harmonic generation as the effective second-order nonlinearity of this material is higher than that for BBO, LBO, KTP and LiIO 3 crystals [24, 25] . Recently, this fact was experimentally confirmed by frequency-doubling ~35 ps pulses at 1064 nm [26] , ~100 fs pulses at 800 nm [27,28] and ~2.4 ps pulses at 800 nm [29] . As generation of femtosecond second harmonic emission in the green spectral region from the ~1 µm fundamental output of the laser by use of a BIBO crystal has not been reported, this work serves to report the first experimental results of this kind.
The second harmonic generation was carried out in a single-pass geometry in a nonlinear BIBO crystal cut for type-I critical phase-matching (Θ=167.7º, φ =90º) that was antireflection coated for both the fundamental and generated harmonic wavelengths. The thickness of the crystal (0.8 mm) was chosen so as to limit temporal walk-off between the pulses of the fundamental and second harmonic wavelengths to ~150 fs and therefore to keep the duration of the latter in the femtosecond regime (< 250 fs).
The output of the laser was focused into the crystal by a 40 mm focal length lens, with the generated second harmonic re-collimated by use of a similar lens. Both lenses were antireflection coated. To filter out the fundamental wavelength, a standard HR mirror was used that provided 99.9% reflection of the fundamental wavelength and more than 90% transmission of the second harmonic output. The spectrum of the second harmonic laser output at ~520 nm is shown in Fig. 3 . Approximately 0.6 mW of the green radiation was generated for ~30 mW of average fundamental power incident on the crystal, which corresponds to a conversion efficiency of 2%. The peak power of the green pulse was estimated to be ~200 W. It is worth noting that the efficiency of second harmonic generation compares favorably with the recent results of low-MHz high-power picosecond laser system developed for fluorescence lifetime imaging microscopy [16] . It can be significantly improved by using a longer BIBO crystal albeit at the expense of longer 520 nm pulses. 
Optical DNA detection
The generated second harmonic served as a femtosecond excitation source for the development of an optical DNA biosensor based on fluorescence lifetime measurements by time-correlated single photon counting (TCSPC) [30].
Fluorescence lifetime measurements
A solution containing 10 -8 M double-stranded 20-mer oligonucleotides that also contained one equivalent of ethidium bromide was used for all measurements of fluorescence lifetime in our preliminary feasibility studies. This provided for an excess of binding sites capable of supporting intercalative binding of the dye to the double-stranded nucleic acids. The solution was placed in a glass cuvette with 3 mm of path length and excited with the green radiation from the laser. The resultant fluorescence was detected at 90º through the appropriate optical filters (to cut-off scattered pump and background luminescence) by a photomultiplier tube (H5783-20SEL, Hamamatsu), preamplified, and fed to a time-correlated single photon counting device (SPC-630, Becker & Hickl GmbH).
The data collection time was set to a 1 second interval. As shown in Fig. 4 , fluorescence lifetimes of ~2 ns (τ 2 ) and ~20 ns (τ 3 ) were observed that corresponding to those of wellestablished values for free and intercalated molecules of ethidium bromide, respectively.
Optical DNA biosensors
Further experiments using this laser as the excitation source in an optical DNA sensor instrument are currently underway. The design of the optical nucleic acid biosensors is based on an evanescent wave excitation in total internal reflection (TIR) geometry to detect selective binding events of target nucleic acid occurring at the interaction surface of the optical sensors. TIR excitation provides for confined excitation of fluorophores at the chemically selective interface, without excitation of chromophores in the bulk solution. As a result, this approach imparts greater selectivity to the detection scheme by isolation of fluorigenic signals associated only with the reporter dye in the proper environment (as opposed to, for example, non-selective adsorption events). A diagram of experimental sensor configuration is presented in Fig. 5 . As shown Fig. 6 , a clear biphasic transition that is consistent with oligonucleotide hybridization/dehybridization was observed and the interfacial duplex melting temperature was estimated to be 57 ºC. Four sensors were tested, all showing similar results. A detailed characterization of the optical DNA biosensors will be reported at a later date.
Conclusion
We have presented the design, characterization and application of the extended cavity diodepumped femtosecond Yb:KGW laser passively mode-locked by a semiconductor saturable absorber mirror. The use of high-quality optical and telecom components provided efficient, reliable, power-scalable and trouble-free laser operation for prolonged period of time. The Yb:KGW laser delivered up to 150 mW of average output power with ~200 fs pulses at a repetition rate of 15 MHz, corresponding to a pulse energy of 10 nJ. Frequency-doubled output at 520 nm and low pulse repetition rate made the developed laser an ideal excitation source for the fluorescence lifetime based optical DNA sensor applications.
